White metal-like omnidirectional mirror from porous silicon dielectric multilayers Appl. Phys. Lett. 101, 031119 (2012) Recently, diffuse reflectors are being incorporated into solar cells, due to the advantage of no metallic absorption loss, higher reflectance, decent light scattering property by embedded TiO 2 scatterers, and the ease of fabrication. Different methods have been employed to analyze diffuse reflectors, including Monte Carlo method, N-flux method, and a one-dimensional approximation based on semi-coherent optics, and the calculated reflectance is around 80% by these methods. In this work, rigorous wave optics solution is used, and it is shown that the reflectance for diffuse medium mirrors can actually be as high as >99% over a broad spectral range, provided the TiO 2 scatterer geometry is properly optimized. The bandwidth of diffuse reflectors is un-achievable by other dielectric mirrors such as distributed Bragg reflectors or high index contrast grating mirror, using the same index contrast. Finally, it is promisingly found that even if the distribution of TiO 2 is random, the wide-band reflection can still be achieved for the optimized TiO 2 geometry. Initial experimental result is included in the supplementary material which shows the high feasibility of diffuse medium mirrors for solar cells. V C 2014 AIP Publishing LLC.
The rigorous wave optics design of diffuse medium reflectors for photovoltaics I . INTRODUCTION Diffuse reflectors have been shown to be of great interest for optoelectronic application, [1] [2] [3] [4] [5] [6] due to its potential to replace conventional metallic mirrors [7] [8] [9] [10] [11] or conventional dielectric mirrors such as distributed Brag reflectors (DBR). 12 Recently, diffuse reflectors also find promising application in solar cells. [3] [4] [5] [6] The advantage is that diffuse medium reflectors can replace the conventional metallic solar cell back reflectors to provide higher reflectance due to no metallic loss. Besides, the light trapping property can be enhanced by the embedded scatterers in the diffuse mirror. Compared to DBR, diffuse reflectors provide random light scattering where the direction of scattered solar photons is randomized. The randomization in light scattering is due to the embedded TiO 2 scatterers, and it is difficult to achieve the randomization using DBRs or other dielectric mirrors with well-defined geometries. This property leads to superior light trapping for diffuse medium reflectors. In addition, the processing of diffuse medium reflectors is lower-temperature, lower-cost, and higher-throughput than DBRs. Experimentally, sol-gel processes [13] [14] [15] or other wet chemical processes can be applied to realize such reflectors with relative ease, and no lithography and etching are needed. On the contrary, for distributed Brag reflectors the precise control of the layer thickness is necessary since the high reflectance (R) is achieved using constructive wave interference resulted from the reflection at the material interfaces. 16, 17 Due to the above-mentioned advantages of diffuse mirrors, it is necessary to conduct a more detailed analysis on such reflectors to get insight on the design constraint, optimization, and the physics behind its high reflectance. In particular, the design and optimization on the geometry of the embedded TiO 2 scatterers is very critical. For the analysis of diffuse reflectors, several numerical methods have been previously applied including Monte Carlo method, 18 N-flux methods based on radiation transfer equations, [19] [20] [21] and one dimensional approximation based on semi-coherent optical modeling. 4 All of these works show the reflectance achieved is around 80%. Nevertheless, the analysis along the line of wave optics, in a three dimensional space, suggests that the reflectance can be increased to >99% over a broad spectral range if the optimization of the scatterer geometry is conducted. The lack of wave optics confirmation in the past is primarily due to the fact that the simulation of such a large structure takes very long CPU (central processing unit) runtime. Here, it is shown that, by using a frequency domain coupled wave method, the computation is still manageable. The result is then confirmed by a time domain method using finite difference time domain (FDTD) calculation. 22, 23 
II. CALCULATION SET-UP AND METHODOLOGY
The real diffuse reflector (DR) consists of a low index host matrix material within which high index dielectric scatterers are embedded, as illustrated in Fig. 1 . The scatterers are assumed to be cylindrical in shape. In experiment, cylindrical TiO 2 nano-rods have been extensively studied. [24] [25] [26] The TiO 2 scatterers can also be spheres or tubes, corresponding to nano-particles or nano-tubes. Based on our simulation results, the high reflection band can still be achieved for spherical scatterers as long as proper optimization of the scatterer geometry is conducted. The advantage of cylindrical shape over spherical shape is that there are two geometrical parameters, i.e., the cylinder height and diameter, to be adjusted instead of only one parameter, i.e., the sphere diameter. In previous methods, using Monte Carlo method, N-flux methods, [19] [20] [21] or one dimensional approximation using semi-coherent optics to simulate diffuse reflectors, 4 the shape of the scatterers does not have direct effect on the calculation result. Although it is going to be shown below that disorder is beneficial for a wide reflection band, it is still worth to point out that controlled and ordered TiO 2 nanorods in the low index materials is possible from fabrication point of view. 24, 27 The distribution of the dielectric scatterers might be disordered depending on the process methods. In this study, the simulation of diffuse reflectors is first conducted by calculating the reflectance of an ordered array of TiO 2 dielectric scatterers embedded in a low index host material. Afterward, the disorder is introduced in the z-direction (propagation direction), similar to the practice in literature. 4 In the most recent study in Ref. 4 , one-dimensional (1D) approximation is used to transform 3D structure to 1D, and semi-coherent optics 4 is employed to calculate the reflectance. In this study, although the disorder is also introduced in z-direction, the simulation domain is still 3D. Therefore, the improvement over the past studies 4, [18] [19] [20] [21] on diffuse medium reflectors is in that wave optics is used here. In addition, the geometry of TiO 2 has significant effect on spectral response as a direct result of wave optics and due to the fact that three-dimensional (3D) nature of the structure is retained. The calculation methods are rigorously coupled wave analysis (RCWA) 22, [28] [29] [30] and FDTD. 22, 23 The setup for RCWA is not very different from usual grating simulations, 31 and the only difference is that here in z-direction (propagation direction) an ordered or disordered array of dielectric scatterers are stacked as illustrated in Figs. 2 and 4 . The number of stacking is N ¼ 64, and therefore in z-direction the structure is quite thick, similar to real diffuse reflectors. [3] [4] [5] [6] For the disordered structure, the vertical spacing (z-direction) between the TiO 2 scattered is adjusted to achieve a wide reflectance band. The boundary condition for FDTD is perfectly matched layer (PML) at the top and the bottom boundaries (z-direction). Total field scattered field (TFSF) formulation is implemented above the diffuse reflector to simulate the incident field. The periodic boundary condition is applied at the x-and y-direction boundary in the three dimensional simulation domain. Since the CPU runtime for such a large structure is extremely long, the reflectance at selective wavelengths is calculated using FDTD to confirm the result by RCWA.
The material parameters of the host materials are normally low index with refractive index in the range of 1.4-1.7. It can be polymer-based for easier solution processing. It can also be oxide-based such as SiO 2 or silica glasses, which is more compatible to current silicon photovoltaic process technology. Nevertheless, oxide-based solution processes take more consideration. In fact, since for most of the polymer materials and oxide based materials, the refractive index are all around 1.5, the result presented here can apply well to a broad range of host materials and thus which low index material is used as an example does not really matter. The material refractive indices and extinction coefficients are from Rsoft material database. 22 The TiO 2 has a bandgap around 385 nm in the index data used here.
III. THE DIFFUSE REFLECTOR BASED ON ORDERED TiO 2 SCATTERERS
The simulation is carried out in a three-dimensional space, and thus the Fig. 2 is the cross-sectional view for the diffuse reflector. The TiO 2 scatterers are assumed to be cylindrical in shape, and the reason for choosing cylindrical scatterers is stated in the first paragraph of Sec. II. Polarization independence is achieved for normal incidence due to the rotational symmetry of the cylindrical scatterers. n L used in the optimization for Fig. 3 is SiO 2 whose index is around 1.45 for the spectral range of interest here. In real diffuse reflectors, the randomly distributed TiO 2 scatterers where disorder exists in all of the three directions still makes a polarization-insensitive mirror due to the randomness. The reflectors ranges from tens of micrometers to hundreds of micrometers. In this work, N ¼ 64 is used for simulation, and therefore the thickness for the entire low index slab is N Â 3 , the semi-log plot of 1-R is included to further show the relative value of high reflection in the spectral response. It should be pointed out that the bandgap of TiO 2 scatterers is around 385 nm in the index data used in this study and therefore the application of TiO 2 dielectric mirror is limited to the photon energy below its bandgap energy. The spectral reflectance in Fig. 3 cannot achieve very wide high reflectance band due to the fact that, for an ordered TiO 2 array, the constraint for constructive interference can only be fulfilled at a narrow range of wavelengths. The averaged value of 1-R in the reflection band (i.e., from 822.5 nm to 902.5 nm) is 1 À R avg ¼ 2.9264 Â 10
À7
. This is quite high reflectance, but the high reflection is limited to a narrow band range and thus may not meet the broadband requirement for photovoltaic application.
IV. THE DIFFUSE REFLECTOR BASED ON DISORDERED TiO 2 SCATTERERS
The simulation is also carried out in three-dimensional space, and thus Fig. 4 is still the cross-sectional view of a disordered diffuse reflector. The vertical spacing d V is now separately adjusted to simulate the disorder in the distribution of TiO 2 scatterers. First, an optimized geometry will be discussed where the vertical spacing is selected by a genetic algorithm. Since, in some diffuse reflectors fabricated by sol-gel or other solution processes, the disorder may not be of a well-controlled nature, a randomly distributed TiO 2 diffuse reflector will be discussed later. In the case of a randomly distributed TiO 2 , the vertical spacing d V (1), d V (2),…, d V (N) are randomly selected, and only d H , D, and L can be optimized. Promisingly, it is found that even if the distribution of TiO 2 is random, the wide band reflection can still be achieved, and the spectral reflectance is only slightly degraded from the optimized disordered TiO 2 mirror. The dependence of spectral reflectance on the polarization and the incidence angle will be discussed later in Fig. 9 . The reason for choosing cylindrical scatterers is stated in the first paragraph of Sec. II. In real diffuse reflectors, the disorder can exist in all of the three directions, but simulation of a three-dimensional disordered array will be computationally unmanageable based on our literature review. Simulating 1D disorder (z-direction), similar to the practice in Ref. 4 , can capture the physics in diffuse reflectors. Based on the comparison between the ordered TiO 2 nano-particles in this work, the disorder in three directions is expected to enhance the performance of diffuse reflectors further. In For the GA optimized diffuse reflectors, the optimized
now an array with 64 elements. Its value falls between 10 nm and 300 nm and is optimized by genetic algorithm. Since this is a long list, the values are not included here. The spectral response in Fig. 5 shows the reflectance, absorbance, and transmittance for the TiO 2 diffuse reflector. At the left of Fig. 5 , the semi-log plot of 1-R is included to further show the relative value of high reflection in the spectral response. It can be seen from the semi-log plot that within the high reflection band, the most of the reflectance values are above 0.99. The value of 1 À R avg is 0.0087 within the high reflection band (i.e., 387.5 nm-1202.5 nm). The value of 1-R avg is higher than the ordered TiO 2 scatterers, reflecting that the spectral reflectance is compromised over broader wavelength range. This is in contrast to the narrow band sharp reflectance of an ordered diffuse mirror. Nonetheless, it should be pointed out that, at most of the spectral points in the reflection band, R > 0.99 is still achieved for the disordered mirror. Therefore, disordered TiO 2 mirrors can be very promising for many optoelectronic applications if a broadband response is needed. The reflectance drops significantly below k ¼ 400 nm due to severe TiO 2 absorption. In addition, the reflection band covers from k ¼ 400 nm to k ¼ 1200 nm, which is essentially the whole light trapping regime of interest for solar cells. Therefore, using diffuse TiO 2 mirrors as the reflectors for future photovoltaics can lead to lower cost, [3] [4] [5] [6] higher reflectance due to no metallic absorption loss, and very wide reflection band. DBR with the same index contrast (n H is TiO 2 and n L ¼ 1.45) can only cover from k ¼ 400 nm to k ¼ 630 nm for a 10-pair DBR. Increasing the number of pairs only sharpens the response but does not increase the bandwidth. In order to verify the result using RCWA, calculation using FDTD is conducted here to verify the result. It can be seen in Fig. 6 that within the entire high reflection band, FDTD simulation also shows very high reflectance close to 1 consistent with the RCWA calculation. It should be pointed out that the simulation domain in this study is extremely large since it is three-dimensional and contains N ¼ 64 layers of TiO 2 scatterer arrays. The FDTD verification is an extremely time consuming task and therefore frequency domain methods are critically needed for future diffuse reflector design and optimization based on wave optics. One key issue for the disordered diffuse mirror is that, in real practice, the optimized spacing may not be achievable, depending on process control. In order to show that the superior performance of the disordered TiO 2 mirrors will not disappear even if the disorder is not optimized, spectral reflectance is calculated for several runs for a randomly distributed TiO 2 mirrors. In this case, d V (1), d V (2),…,d V (N) are randomly generated between 10 nm and 300 nm, and they are not optimized by the genetic algorithm optimization. D, L, d H are kept the same as in Fig. 5. Fig. 7 shows the resulting spectral reflectance where the vertical separation between each TiO 2 scatterers is determined randomly based on a computerized random number generator. Clearly, the spectral response still shows satisfactory broadband reflectance where the high reflectance is only slightly degraded at certain wavelengths, compared to the optimized TiO 2 diffuse reflector. This is a promising finding since, in practice, the TiO 2 scatterers are likely to be distributed randomly in the low index material. While the randomly distributed TiO 2 mirrors can still provide broadband high reflectance even without optimization, it is feasible to use TiO 2 diffuse reflectors to replace the conventional DBRs or metallic reflectors.
The geometry of embedded TiO 2 nano-particles is critical, as can be seen from Fig. 8 . Improperly chosen geometry will generally lead to degraded reflectance, and this reflects the importance of systematic optimization. In most of the current initial experimental effort on using diffuse medium reflector for solar cells, optimization of the scatterer geometry is not considered. In fact, the optimization of the scatterer geometry is possible only if wave optics is employed to describe the photon scattering phenomenon of the dielectric scatterers accurately. For solar cell broadband application, non-optimized TiO 2 scatterer geometry is detrimental since the reflection band should be as wide as possible to cover the entire solar spectrum. The initial experimental result for white-paint diffuse reflector is included in the supplementary material for review, 35 and it is observed that the high reflectance of white diffuse medium can indeed enhance the photocurrent generation. Fig. 9 shows the angular responses for the diffuse white paint reflectors with the geometry the same as the mirror in Fig. 5 . A broadband, omnidirectional, and polarization insensitive mirror is important for solar cells since the sun is traversing during a day and the solar photons are generally randomly polarized. From the reflectance plots in Fig. 9 , it can be seen that the broadband reflectance exists for both s-and p-polarizations. This is due to the random light scattering behavior contributing to the high reflectance is itself relatively polarization independent. This kind of feature is very difficult to achieve using other dielectric or metallic mirrors since their well-defined geometry inevitably leads to strong polarization dependence. For oblique incidences, it can be seen from Fig. 9 that the reflection bandwidth is gradually reduced when solar photons are incident with larger angles. Nonetheless, the reflection bandwidth still covers the k ¼ 400 nm-k ¼ 1000 nm spectral range which is of interest for silicon solar cell application. It should also be pointed out that the bandwidth reduction phenomenon is much alleviated compared to many reflection mirrors such as high index grating. 32 This is partly due to the random light scattering nature of the diffuse medium reflectors where the high reflectance does not count on the resonance condition at a specific incidence angle. The other reason for the superior angular performance is due to the thick dimension of the diffuse medium reflectors and therefore the photons can still encounter a sufficient number of scattering for oblique incident angles.
V. FIELD PROFILES AND THE MECHANISM FOR HIGH REFLECTANCE
Figs. 10 and 11 show the field profiles for the ordered and the disordered diffuse reflectors, respectively, for the spectral response in Figs. 3 and 5 . From the field plots, it can be seen that at high reflectance wavelengths (k ¼ 860 nm in Fig. 10 and k ¼ 800 nm in Fig. 11 ), no field exists deep inside the diffuse reflectors for both cases. On the other hand, at low reflectance wavelengths, photons deeply penetrate through the entire structures. This observation applies to both of the ordered and the disordered structures. The zoom-in of the field profiles at the upper part of the plots reveals the scattering phenomenon initiated by the TiO 2 scatterers. In fact, the structure can be regarded as a photonic crystal with finite thickness where z-direction is the finite thickness direction and x-and y-direction are infinitely extended. For wavelengths leading to low reflectance, the incident photons actually couple into the guided modes. On the other hand, if the incident wavelengths fall into the photonic bandgap, high reflectance is resulted. The structure can also be regarded as a waveguide array in z-direction. 31, 33, 34 The successive reflection of the waveguide modes can then be added up, and a high reflectance band can be resulted if constructive interference is achieved. In a more conceivable picture, the physics of high reflectance can be explained by the successive photon scattering by TiO 2 scatterers. In the case of the ordered TiO 2 arrays, the reflected waves can be added up coherently at certain wavelengths and thus result in discrete high reflectance bands. Nonetheless, since the constructive interference, for an ordered arrays of TiO 2 , cannot exist at a wide range of wavelengths, broad reflection band is difficult to achieve even after geometry optimization. In the case of disordered TiO 2 arrays, the disorder results in random phase for scattered photons. The random phase is beneficial for the broader bandwidth of high reflectance, due to the fact that the condition for the constructive interference is now easier to fulfill by the more flexibly placed TiO 2 scatterers. In this study, N ¼ 64 layers of TiO 2 arrays are used for the calculation of the diffuse reflectors because for real diffuse reflectors the thickness is around ten to several hundred micrometers. [3] [4] [5] [6] In fact, the number of layers can be reduced while the reflection band can still be maintained, provided the optimization is properly conducted.
VI. CONCLUSION
While the past analysis along the line of semi-coherent or geometrical optics predicts the broadband reflectance of diffuse medium reflectors is around 80%, the >99% broadband reflectance for diffuse reflectors is confirmed using wave optics in three dimensional spaces for the first time. The geometry of the TiO 2 is shown to be critical to provide the desired the broad reflection band. The bandwidth achieved by the disordered TiO 2 diffuse reflector is much wider than the reflection band of 230 nm achieved by DBR using the same index contrast (n H is TiO 2 and n L ¼ 1.45). As far as the solar cell application is concerned, the diffuse mirror can cover the entire solar spectrum of interest from 400 nm to 1000 nm while it provides the advantage of low cost, low temperature, high throughput processing, compared to metallic back reflectors. The physics of high reflectance in diffuse reflectors is identified to be the successive photon scattering by TiO 2 scatterers, by observing the field distribution in wave optics simulation. In the case of an ordered TiO 2 reflector, the reflected waves can be added coherently at certain wavelengths and this results in discrete high reflectance bands. In the case of a disordered TiO 2 reflector, the random phase can lead to a broader bandwidth due to the compromise over the entire spectral range. The preliminary experimental result, confirming the usage of diffuse medium reflectors for photovoltaics, is included in supplementary material. 35 
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